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ABSTRACT
A pressureless scenario for the Dark Matter (DM) fluid is a widely adopted hypothesis, despite the absence
of a direct observational evidence. According to general relativity, the total mass-energy content of a system
shapes the gravitational potential well, but different test particles perceive this potential in different ways de-
pending on their properties. Cluster galaxy velocities, being≪c, depend solely on the gravitational potential,
whereas photon trajectories reflect the contributions from the gravitational potential plus a relativistic-pressure
term that depends on the cluster mass.
We exploit this phenomenon to constrain the Equation of State (EoS) parameter of the fluid, primarily DM,
contained in galaxy clusters. We use the complementary information provided by the kinematic and lensing
mass profiles of the galaxy cluster MACS 1206.2-0847 at z = 0.44, as obtained in an extensive imaging and
spectroscopic campaign within the CLASH survey. The unprecedented high quality of our data-set and the
properties of this cluster are well suited to determine the EoS parameter of the cluster fluid.
Since baryons contribute at most 15% to the total mass in clusters and their pressure is negligible, the EoS
parameter we derive describes the behavior of the DM fluid. We obtain the most stringent constraint on the DM
EoS parameter to date, w = (pr + 2 pt)/(3 c2ρ) = 0.00 ± 0.15(stat)± 0.08(syst), averaged over the radial
range 0.5Mpc ≤r≤r200, where pr and pt are the radial and tangential pressure, and ρ is the density. We plan
to further improve our constraint by applying the same procedure to all clusters from the ongoing CLASH-VLT
program.
Subject headings: (cosmology:) dark matter, equation of state, cosmology: theory, galaxies: clusters: general
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1. INTRODUCTION
In the standard cosmological scenario, non-baryonic Dark
Matter (DM) plays a decisive role, representing approxi-
mately 27% of the mass-energy content of the Universe
(Planck Collaboration et al. 2013). The existence and prop-
erties of weakly interacting massive DM particles are inferred
from mass measurements of galaxies and galaxy clusters de-
rived from kinematics, gravitational lensing or other probes.
Additional indirect evidences come from the influence DM
has on the formation and evolution of the Large Scale Struc-
ture of the Universe, and from its effects on the temperature
anisotropies observed in the Cosmic Microwave Background
(e.g., Peebles 1980).
A widely adopted assumption in cosmology is that DM is
a pressureless fluid. Although such hypothesis has not been
directly proven yet, in a Universe where the DM fluid has a
large pressure, there would not be enough time for cosmolog-
ical structures to grow between the recombination epoch and
today (e.g., Coles & Lucchin 2002). Moreover, the observed
properties of the Large Scale Structure are consistent with the
current pressureless DM scenario (e.g., Sa´nchez et al. 2012,
2013; Samushia et al. 2013).
Despite considerable efforts for a direct detection of DM
with underground experiments (e.g., DAMA28, XENON29,
PICASSO30, XMASS31, CDMS32), no significant signal has
been found to date and the nature of DM remains unknown.
The current pressureless scenario sets the DM Equation of
State parameter to be zero, by definition. The aim of this Let-
ter is to directly test this assumption by constraining the EoS
parameter of the galaxy cluster fluid, using new accurate mea-
surements of a cluster mass profile from lensing and kinemat-
ics analyses.
Bharadwaj & Kar (2003) first proposed to combine the
analyses of the rotational curves and of the lensing
signal in spiral galaxies to constrain the amount of
DM pressure. Faber & Visser (2006) generalized the
Bharadwaj & Kar (2003) approach without assuming any
model for both the DM EoS and the rotational curves. Finally,
Serra & Domı´nguez Romero (2011) extended the method to
the case of galaxy clusters.
In this Letter, we apply this method to the z = 0.44 clus-
ter MACS 1206.2-0847 (hereafter MACS 1206), which has
been studied in detail as part of the Cluster Lensing And Su-
pernova survey with Hubble (CLASH; Postman et al. 2012).
Umetsu et al. (2012) have used new high quality imaging of
this cluster obtained with Subaru and the Hubble Space Tele-
scope (HST), to derive its mass density profile from weak-
lensing distortion, magnification, and strong-lensing analy-
ses. Biviano et al. (2013) (hereafter B13) have used an un-
precedented data-set of about 600 measured redshifts of clus-
ter members, obtained as part of a VLT/VIMOS large pro-
gramme (ID 186.A-0798), to determine the cluster mass pro-
file over the radial range of 0.05-2.5 virial radii by applying
the Jeans equation (Mamon et al. 2013) and the caustic tech-
nique of Diaferio & Geller (1997).
By using the complementary information provided by the
kinematics and lensing mass profile determinations, in this
Letter, we constrain the DM EoS parameter which encapsu-
28 http//people.roma2.infn.it/ dama/web/home.html
29 http//xenon.astro.columbia.edu/
30 http//www.picassoexperiment.ca/
31 http//www-sk.icrr.u-tokyo.ac.jp/xmass/index-e.html
32 http://cdms.berkeley.edu/
lates information on the amount of fluid pressure.
2. THEORETICAL FRAMEWORK
A static, spherically symmetric spacetime is described by
the metric (e.g., Misner et al. 1973):
ds2 = −e2Φ(r)/c
2
dt2 + e2λ(r)dr2 + r2 dθ2 + r2 sin2θdϕ2 ,
(1)
where Φ(r) and λ(r) are two arbitrary generic functions of
the metric. One can apply to such metric the Einstein field
equations, Gαβ =
(
8piG/c4
)
Tαβ , by using the stress-energy
tensor of an ideal gas with radial, Trr, and tangential, Tθθ,
pressure components as Tαβ =
(
ρ+ pc2
)
uαuβ + pgαβ . In
these equations, Gαβ is the Einstein tensor, G is Newton’s
gravitational constant, c is the speed of light in vacuum, uα is
the fluid’s four velocity, and gαβ is the metric tensor.
It is then possible to obtain the density profile and the
pressure profiles in the radial and transverse directions (e.g.,
Schutz 2009):
ρ(r)=
1
4pi
m′(r)
r2
, (2)
pr(r)=−
c4
8piG
2
r2
[
Gm(r)
c2r
− r
Φ′(r)
c2
(
1−
2Gm(r)
c2r
)]
, (3)
pt(r)=
c4
8piG
{(
1−
2Gm(r)
c2r
)
1
c2
[
Φ′(r)
r
+
Φ′(r)2
c2
+Φ′′(r)
]
−
G
c2
(
m(r)
r
)
′
(
1
r
+
Φ′(r)
c2
)}
, (4)
where prime denotes the partial derivative with respect to the
r-coordinate,m(r) is the mass within a sphere of radius r, and
the metric function e2λ(r) is defined as
e−2λ(r)
∆
= 1−
2Gm(r)
c2 r
. (5)
For a medium with isotropic pressure, the metric Eq. 1 (de-
scribing the geometry of the spacetime inside the cluster)
matches the Schwarzschild metric (describing the geometry
of the space time outside the cluster) at r = r˜, where r˜ is the
size of the cluster, only if pr = pt = 0 (Bharadwaj & Kar
2003).
Thus, to check the validity of the pressureless assumption,
throughout this Letter, we consider a fluid with an anisotropic
pressure and the most general definition of EoS:
w(r) =
pr(r) + 2 pt(r)
3 c2ρ(r)
. (6)
The functions Φ(r) and m(r) fully characterize the metric,
and the density and pressure profiles, and, consequently, the
EoS. We calculate the two metric functions by using the mass
profiles of the cluster derived from the velocity distribution of
cluster galaxies and from the gravitational lensing measure-
ments.
In general relativity, all the mass-energy content of the
cluster shapes the gravitational potential well. However, the
two probe particles used in the aforementioned analyses, the
galaxies and the photons, perceive the gravitational potential
in different ways, due to their distinct properties.
To calculate the trajectory of the galaxy test particles, with
velocity v ≪ c (B13 measured the velocity dispersion of the
MACS 1206 cluster σlos = 1087+53−55 km s
−1 ), we relate Ein-
stein’s field equations to the Poisson equation in the weak field
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approximation (2Φ≪ c2 and 2mG/r≪ c2). Thus, the (0,0)
component of Einstein’s field equations reads
R00 ≈ ∇
2Φ =
4piG
c2
(
c2ρ+ pr + 2pt
) (7)
for the cluster fluid (e.g., Schutz 2009), where the metric po-
tentialΦ is different fromΦN , the Newtonian potential. In the
Newtonian limit, ρ≫ p/c2 and we recover the usual Poisson
equation∇2ΦN = 4piGρ.
From Eq. 7, we can see that the mass profile derived from
the kinematics analysis, mk(r), depends only on the (0,0)
part of the metric. Therefore the relation between the Pois-
son equation (Eq. 7) and this mass profile is
mk(r) =
r2
G
∇Φ(r) . (8)
Since, in the lensing analysis, the probe particles travel
at the speed of light, the full treatment of the geodesics
is needed, even in the case of weak field approximation.
Misner et al. (1973) (see also Faber & Visser 2006) derived
the expression of the lensing potential by applying Fermat’s
principle to the geodesics of the photons moving through the
cluster potential described by the metric Eq.1. In this con-
text, the light-ray trajectory is fully described by the relativis-
tic analogue of the refractive index. For the metric Eq.1, the
effective refractive index in the weak field approximation is
n(r)=1−
Φ(r)
c2
−
G
c2
∫
m(r)
r2
dr +
+O
[(
2Gm
c2r
)2
,
2Gm
r
Φ
c2
,
Φ2
c4
]
(9)
and it is possible to define the lensing potential as
2Φl(r) = Φ(r) +G
∫
m(r)
r2
dr . (10)
The trajectory of a light particle is determined entirely by the
effective refractive index n(r), thus the bending of light is not
only due to Φ(r) (see Eq. 7), but also to an extra term due to
the relativistic-pressure of the fluid.
The mass profile derived from the lensing analysis can be
related to the lensing potential through the Poisson equation
ρl(r) =
1
4piG
∇2Φl(r) (11)
ml(r) =
r2
G
Φ′l(r) =
r2
2G
Φ′(r) +
m(r)
2
=
mk(r)
2
+
m(r)
2
.
(12)
Note that, while according to Eq.7 the observed galaxy kine-
matics depends on the metric component g00 alone, the ob-
served gravitational lensing potential reflects contributions
from both g00 and grr. Using the kinematic and the lensing
mass profiles, we can finally determine the two metric func-
tions Φ(r) (from Eq.8) and m(r) (from Eq.12) and calculate
the EoS of the cluster fluid (Eq.6).
3. THE MACS 1206 CLUSTER MASS PROFILES
The X-ray selected MACS 1206 cluster, at redshift 0.44, has
been observed in the course of the CLASH survey. HST ob-
servations were completed in 2011. A detailed strong lensing
model, based on the identification of 50 multiple lensed im-
ages of 13 background galaxies, was presented by Zitrin et al.
(2012). The combination of the inner mass density profile
from this model with weak lensing shear and magnification
measurements from Subaru multi-band images led to a reli-
able determination of the mass density profile of MACS 1206
out to ∼ 2 Mpc33 (Umetsu et al. 2012).
The spectroscopic observations with the VLT, which led to
a total of 2749 objects with reliable redshift measurements in
the cluster field and the kinematic analysis, are described in
B13. Using the projected phase-space distribution of these
objects and several techniques for the rejection of interlop-
ers, 592 cluster members were identified. This large spec-
troscopic sample was used to determine the kinematic mass
profile out to the virial radius (∼ 2 Mpc) by solving the
Jeans equation with the MAMPOSSt (Mamon et al. 2013)
technique, further extended to 5 Mpc with the caustic method
of Diaferio & Geller (1997).
The kinematic determination of the cluster mass profile is
in very good agreement both with the lensing determination,
and with that based on X-ray Chandra observations, under
the assumption of hydrostatic equilibrium (see Umetsu et al.
2012, B13).
The fact that different probes of the cluster mass profile
converge to similar results34 suggests that systematic effects
in the mass determination are negligible and that the cluster is
dynamically relaxed. Moreover, the analysis of Lemze et al.
(2013) did not find significant level of substructure within this
cluster, when using the most conservative membership selec-
tion. The concentric distribution of different mass compo-
nents (dark matter, stellar light and gas) also underscores an
equilibrium configuration. All these properties make MACS
1206 an ideal candidate for testing the EoS of the cluster fluid.
Umetsu et al. (2012) parametrized the lensing mass profile
of MACS 1206 with the NFW model (Navarro et al. 1997).
The same model was found by B13 to provide the highest
likelihood fit to the kinematic data. We therefore use the
NFW model parametrization of the kinematic and lensing
mass profiles in our analyses. To check the sensitivity of our
results on the kinematic mass profile used, we also consider
the Hernquist (1990) and Burkert (1995) profiles. These mod-
els are quite different from NFW and yet were found to pro-
vide acceptable fits to the kinematic data (B13).
Unlike the lensing determination of the cluster mass pro-
file, the kinematic determination also requires modeling the
velocity anisotropy profile of the tracers of the gravitational
potential, β(r). B13 considered three possible ansatz models,
named ’O’,
βO(r) = β∞
r − r−2
r + r−2
, (14)
’T’ (from Tiret et al. 2007),
βT(r) = β∞
r
r + r−2
, (15)
and ’C’ with a constant anisotropy with radius. In Eqs. 14 and
15, r−2 is the scale radius at which the logarithmic derivative
33 Umetsu et al. (2012) and B13 adopted Ωm = 0.3,ΩΛ = 0.7, h = 0.7.
34 Note that the similarity of the kinematic and lensing mass profiles does
not imply a pressureless fluid (w(r) = 0), since, in first approximation,
w(r) does not depend on the profiles, but on their derivatives
w(r) ≈
2
3
m′
k
(r)−m′
l
(r)
2m′
l
(r)−m′
k
(r)
(13)
(Faber & Visser 2006).
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of the mass density profile equals −2, d ln ρ/d ln r = −2
and β∞ is the anisotropy value at large radii. The O model
gives the smallest product of relative errors in the two free pa-
rameters of the mass profile (r20035 and r−2), namely it max-
imizes the ratio (r200 r−2)/(δr200 δr−2), where δr200 and
δr−2 are the (symmetrized) errors on r200 and r−2, respec-
tively. Therefore the NFW+O model is adopted as our refer-
ence model in the following analysis.
4. RESULTS
In this section, we present and discuss our results on
the EoS of the DM fluid as obtained from the analysis of
the lensing and kinematic mass profiles of MACS 1206 de-
scribed above. Derivatives of the potential and the mass pro-
files in Eqs.(2-4) are computed directly from the models of
Umetsu et al. (2012) and B13. For details see Section 2 and
3.
In Fig.1, we show the resulting EoS parameter w(r) (Eq.6)
as a function of the cluster centric radius. The statistical er-
rors have been calculated via 104 MonteCarlo resamplings by
propagating the uncertainties on the parameters of the lensing
and kinematic mass profile models, r200 and r−2. As for the
parameters derived from kinematics analysis, B13 shows that
r200 and r−2 have uncorrelated errors thus we use the prob-
ability distributions shown in Fig. 9 of B13 to explore the
parameter space in the MonteCarlo sampling. Umetsu et al.
(2012) shows that the joint weak and strong lensing contours
of the mass profile model are elliptical, so we can assume that
they are Gaussian distributed but with covariance between the
model parameters. We perform a MonteCarlo Markov Chain
fitting to the weak and strong lensing radial profiles to gen-
erate posterior probability distribution functions in r200 and
r−2 to consider the covariance between these two parameters
in the calculation of the errors on the EoS parameter profile.
In Fig.1, the shaded area indicates the error computed from
the 16th and 84th percentiles of the probability distribution at
varying radii, for the reference NFW+O model. In Table 1,
we list the mean values of w, calculated over the radial range
0.5Mpc ≤ r ≤ r200, where w(r) is approximately constant.
Since the errors on the EoS parameter at different radii, w(r),
are highly correlated, we list w errors in Table 1 obtained by
computing the average of the w uncertainties over the consid-
ered radial range. We limit the radial range to radii ≤ r200
because at larger radii both the kinematics and the lensing de-
terminations of the cluster mass profile might be affected by
systematics (deviation from dynamical relaxation for the kine-
matics, and contamination by a large-scale structure filament
for the lensing). Moreover, the DM, whose EoS we want to
constrain, dominates the mass budget in this radial range.
Both in the Figure and in the Table, we show how our
results are modified when we use different models for the
anisotropy and kinematic mass profiles. The results on w(r)
are sensitive to the adopted models, but still within the statis-
tical uncertainties of the reference models.
In Table 1, all the mean values are consistent with zero, thus
with the usually adopted pressureless assumption. Note that
the mean values cannot be directly inferred from the curves of
Fig.1 because the errors are asymmetric. In particular, for the
reference NFW+O model, we find a radially averaged value
w = 0.00± 0.15(stat)± 0.08(syst) , (16)
35 The radius r200 is the radius of a sphere with mass overdensity ∆=200
times the critical density of the Universe at the cluster redshift. We use
r200 ≃ 2 Mpc from Umetsu et al. (2012) and B13.
 
w
(r)
 
 r [Mpc]
NFW, β=O
NFW, β=C
NFW, β=T
HER, β=O
BUR, β=O-0.4
-0.2
 0
 0.2
 0.4
 0.4  0.6  0.8  1  1.2  1.4  1.6  1.8  2
FIG. 1.— EoS parameter of the cluster fluid as a function of cluster cen-
tric radius obtained by using different prescriptions for the mass and the
anisotropy profiles (β) in the kinematic analysis: NFW β =O (solid blue
curve), NFW β =C (solid green curve), NFW β =T (solid magenta curve),
Burkert β =O (solid grey curve), Hernquist β =O (solid cyan curve). The
shaded area represents the errors for our reference model (NFW+O), calcu-
lated through a MonteCarlo sampling method. Errors on the other models are
not shown for the sake of clarity. The vertical dotted line indicates the lower
radial limit above which mean w values in Table 1 are computed.
where the statistical error is listed in Tab. 1 and the systematic
error reflects the peak to peak variation in the mean values of
w obtained using different mass and anisotropy models.
In our estimate, we cannot disentangle the mass profile
of the baryons from that of the DM, however baryons con-
tribute at most 15% of the cluster total mass at all radii
(Biviano & Salucci 2006). Moreover, we estimate that the
baryon contribution to w is ∼ 10−5. This is found by us-
ing the EoS of an ideal gas for the hot intra-cluster medium.
We can therefore assume that the EoS parameter found in our
study describes the behavior of the DM fluid in the cluster.
A previous analysis of the DM EoS
(Serra & Domı´nguez Romero 2011) has found tentative
evidence for a negative value of w(r). This result was
obtained by using the lensing and kinematic mass de-
terminations of two clusters: Coma and CL0024+1654,
which however are known to contain major substructures
(Adami et al. 2005; Czoske et al. 2002), and their presence
could affect the kinematic mass profile determinations. In
particular, CL0024+1654 is possibly in a post-merger state
after the core passage of two clusters occurring along the line
of sight (Czoske et al. 2002; Umetsu et al. 2010). In any case,
our constraints onw are significantly more precise (by a factor
of & 3 than those obtained by Serra & Domı´nguez Romero
(2011) thanks to the significantly better quality of both our
lensing and kinematic data.
5. SUMMARY AND CONCLUSIONS
In this Letter, we discussed how the pressureless assump-
tion for the DM fluid can be quantitatively verified and we
obtained the most stringent constraint on the DM EoS avail-
able to date by using high quality kinematic and lensing mass
analyses of the relaxed CLASH cluster MACS 1206.
We confirmed the pressureless assumption, namely w =
0.00±0.15(stat)±0.08(syst). We find no radial dependence
of w outside the central (0.5 Mpc) region.
The CLASH VLT final sample will provide accurate mass
profiles for 12 clusters, allowing us to place stronger con-
straints on the DM EoS parameter by stacking the informa-
tion from all clusters. This will reduce our statistical errors,
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TABLE 1
MEAN VALUES AND ERRORS FOR THE EOS PARAMETER OF THE
CLUSTER FLUID
Profiles β w ∆w
NFW O 0.00 0.15
NFW C 0.15 0.19
NFW T 0.08 0.18
BUR O −0.01 0.15
HER O 0.06 0.19
Notes: The mean values are obtained within the radial range
0.5Mpc ≤ r ≤ r200, using different prescriptions of the mass profile and
anisotropy parameter in the kinematic analysis. Column 1: Mass density
profiles. Column 2: anisotropy parameter. Column 3: mean values for the
EoS parameter. Column 4: average of the errors on w(r) over the
considered radial range.
and, most importantly, possible systematic effects in the mass
profile determinations such as departure from dynamical equi-
librium, and contamination by large scale structure along the
line of sight.
If a departure from sphericity of the cluster potential well
is detected, it is still possible, in principle, to apply the
method used in this Letter to calculate the DM EoS param-
eter. Faber & Visser (2006) showed how, given a mass dis-
tribution, it is always possible to recover the corresponding
density and pressure distributions in absence of any particular
potential symmetry and thus calculate the DM EoS parameter.
From an observational point of view, cluster orientation and
asphericity can systematically affect the mass profile determi-
nations and consequently the EoS parameter. It is possible to
reduce the impact of these errors by stacking results derived
from a large sample of clusters.
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